A family of medicated Janus fibers that provides highly tunable biphasic drug release 44 was fabricated using a side-by-side electrospinning process employing a 45 Teflon-coated parallel spinneret. The coated spinneret facilitated the formation of a 46 Janus Taylor cone and in turn high quality integrated Janus structures, which could 47
morphologies with an indent in the center. They provide biphasic drug release, with 52 the PVP K60 side dissolving very rapidly to deliver a loading dose of the active 53 ingredient, and the EC side resulting in sustained release of the remaining ketoprofen. 54 The addition of PVP K10 to the EC side was able to accelerate the second stage of 55 release; variation in the dopant amount permitted the release rate and extent this phase 56 to be precisely tuned. These results offer the potential to rationally design systems 57 with highly controllable drug release profiles, which can complement natural 58 biological rhythms and deliver maximum therapeutic effects. 59 KEYWORDS: Janus fibers; side-by-side electrospinning; Teflon-coated spinneret; 60 nano drug delivery systems; tunable release rates; structural nanocomposites 61 62 63 64 3 1. Introduction 65 A range of "top-down" nanofabrication techniques exists, but of these 66 electrohydrodynamic atomization (EHDA, including electrospinning, electrospraying 67 and e-jet printing) is particularly attractive because of its simplicity and capability to 68 propagate the structure of a macroscale template into a nanostructure [1, 2] . An EHDA 69 process typically involves preparing a solution of a polymer (possibly also with a 70 functional component) in a volatile solvent. This solution is then ejected at a precisely 71 controlled rate from a syringe fitted with a metal needle (spinneret) towards a 72 grounded collector plate [3] [4] [5] [6] [7] . A large potential difference is applied between the 73 spinneret and collector plate. This electrical energy causes very rapid evaporation of 74 the solvent, leading to a solid product. The spatial distribution of components in the 75 latter mirrors that in the spinneret. 76 Considering a two-compartment system, the simplest structures are i) core-shell 77 (with different interior and exterior) and ii) an asymmetric Janus structure, where the 78 sides of the structure are different. Both can be used to develop materials with tunable 79 or multifunctional properties. Core-shell structures, including fibers and particles, 80 generated by EHDA have been widely explored [8, 9] . These are most commonly 81 fabricated from a concentric spinneret [10,11], although they can also be prepared 82 using a single fluid process [12, 13] . More complex structures such as three-layer 83 nanofibers and microparticles (from tri-axial EHDA processes) and 84 multi-compartmental structures from multiple fluid spinnerets have also been reported 85 [14, 15] . However, there are very few publications reporting electrospun Janus fibers, 86 4 although there are hundreds on electrospun core-shell nanofibers. . 87 Unlike core/shell architectures the Janus structure permits direct contact of both 88 compartments with their environment, which are very useful for creating 89 multi-functional nanoproducts [16] . Such structure types are also commonly found in 90 nature [17] , and Janus nanoparticles are currently one of the most high profile topics 91 in the nano field [18, 19] . Since Gupta and Wilkes first reported the fabrication of 92 Janus fibers using side-by-side electrospinning with polyvinyl chloride/polyurethane 93 and polyvinyl chloride)/polyvinylidiene fluoride [20] , only a very limited number of 94 additional studies have followed their initial work [21] [22] [23] . This can be attributed to 95 the difficulty of creating integrated Janus nanostructures when parallel metal 96 capillaries are used as a spinneret for side-by-side electrospinning. 97 Biphasic controlled release of an active ingredient is much sought after in 98 pharmaceutics, particularly with an initial rapid release stage followed by sustained 99 release. Drug delivery systems (DDS) providing such release profiles can deliver an 100 effective "loading dose", producing a rapid rise in the plasma concentration of drug 101 and rapidly relieving a patient's symptoms. Subsequently, a prolonged-release phase 102 maintains an effective therapeutic concentration, avoiding repeated administrations 103 [24] . 104 Different types of biphasic release DDS for potential oral administration have 105 been reported, fabricated using a wide variety of technologies [25] . Biphasic release 106 fibers from single fluid electrospinning have been generated through the encapsulation 107 of nanoparticles in the fibers [26] or the collection of different types of fibers in a In this study six different fibers, two monolithic and four Janus, were prepared. 209 Details of the electrospinning processes are given in Table 1 . The apparatus deployed 210 for side-by-side electrospinning is shown in Fig. 1a . The Teflon-coated spinneret was cone (Fig. 1c) , followed by an unstable region of bending and whipping with coils of 219 increasing size. The resultant fiber mat was light blue, with an even blue hue across 220 the product. This was attributed to the presence of methylene blue; the homogeneous 221 color distribution is indicative of an integrated Janus structure. 222 In contrast, when the process was performed without the Teflon coating the fiber 223 mat had an uneven blue color (Fig. 1d) , demonstrating a failure to generate integrated 224 and homogeneous structures. The two fluids used for electrospinning were observed 225 to separate from one other immediately upon exiting the spinneret (Fig. 1e ). When 226 two fluids are ejected from the nozzles of a side-by-side spinneret, there is only a very 227 small contact area between them. Since they originate in different capillaries, both 228 fluids will be charged prior to coming into contact and thus it is inevitable that they 229 will repel one another, preventing them from converging to form a Janus Taylor cone; 230 this is illustrated in Fig. 1f(A) . This initial repulsive force, F t , leads to two Taylor 231 cones; it is then followed by further repulsion between the two straight fluid jets ( Fig. 3a to Fig. 3d . Two 296 different sides to the fibers can again be discerned, with the larger and slightly darker 297 side being the EC compartment. In the TEM image of F3 (Fig. 3a) , there is a central 298 region with a lower contrast level, suggesting a concave topography. F4 (Fig. 3b) 299 13 shows forks resulting from separation of the two sides of the fiber. profile, freeing all the loaded drug within one minute ( Fig. 4a and Table 2 ). This can 319 be attributed to the large surface area and small diameter of the individual nanofibers, 320 the porous 3D web structures of the fiber mats, the highly hydrophilic and 321 fast-dissolving nature of PVP, and the amorphous state of KET in the fibers. In 322 contrast, the F2 (EC) fibers give a sustained release profile ( Fig. 4a and Subsequently, the EC side of the fibers leads to sustained release of KET ( Fig. 4a and 328 Table 2 ). The addition of small amounts of PVP K10 to the EC side of the fibers 329 permits the release in the second, sustained, phase to be tuned. An increase in PVP 330 K10 content causes the release rate and the percentage released after 24 h to increase 331 correspondingly ( Fig. 4b and Table 2 ). The F6 fibers, with 16.1% w/w PVP K10 in 332 the EC side, released all the incorporated drug within 16 h. 333 The second phase of the in vitro dissolution data (up to 16 h) was analyzed using (where Q z is the release percentage, t z is the time, a is a constant and r is the release 337 rate). 338 Peppas equation: Q p = kt p n 339 (where Q p is the release percentage, t p is the time, k is a constant and n is an exponent 340 that indicates the release mechanism). 341 The results of this analysis are shown in Table 2 . Release from the EC side of the 342 fibers appears to follow a typical Fickian diffusion mechanism; the values of the To investigate the drug release mechanism, samples were recovered from the 379 dissolution apparatus after 24h and dried in air. The SEM results, shown in Fig. 5a to respectively; (e) is a schematic diagram explaining the mechanism of drug release 400 from the Janus fibers. 401 A potential mechanism underlying the biphasic release profile is given in Fig. 5e further aiding the movement of water into and drug out of the inside of the fibers, as is 418 the case for the Janus fibers F6 (Fig. 5d ). 419 As a counterpart of the core-shell structure, the Janus structure can be exploited 420 to develop a wide variety of functional and multi-functional nanomaterials [32] . The 421 side-by-side electrospinning process reported here is easy to undertake, and our 422 results should expand the possibilities for exploiting electrospinning to fabricate novel 423 functional nanocomposites with Janus morphology. There are many possibilities for 424 536   Table 1 . Details of the electrospinning processes and the resultant product. 537 Table 2 . Data on the release of KET from the drug-loaded fibers a,b (n=6). 538 
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